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E X E C U T I V E SUMMARY 
T h i s r e p o r t d o c u m e n t s t h e c o n t i n u i n g r e s e a r c h efforts o f t h e P r o p a g a t i o n G r o u p a t G e o r g i a T e c h 
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T h e c h a n n e l s o u n d e r , a v a l u a b l e r e s e a r c h t o o l in r a d i o f r e q u e n c y ( R F ) c h a n n e l a n d d i r e c t i o n f ind ing 
( D F ) m e a s u r e m e n t , w a s c o n s t r u c t e d f r o m t h e 8 - e l e m e n t a n t e n n a array r e c e i v e r s e t u p o n l o a n f r o m 
A e r o s p a c e C o r p o r a t i o n t o s u p p o r t t h i s c o l l a b o r a t i v e p r o j e c t . 
U p o n c o m p l e t i o n of t h e 2 0 0 6 p o r t i o n o f t h i s o n - g o i n g c o l l a b o r a t i o n , t h e f o l l o w i n g c o n t r i b u t i o n s 
w e r e m a d e t o t h e s y s t e m : 
• T h e b r o a d b a n d pseudo-random noise generator was m o d i f i e d for i m p r o v e d o p e r a t i o n a n d w i d e r 
b a n d w i d t h . 
• T h e vector RF signal generator w a s i m p r o v e d t o b e c l e a n e r , m o r e s t a b l e , a n d i n c l u d e o n b o a r d 
p r o g r a m m i n g f i rmware , o b v i a t i n g t h e n e e d for a n e x t e r n a l c o m p u t e r a n d a l l o w i n g b e t t e r t r a n s ­
m i t t e r p o r t a b i l i t y . 
• A n a u t o n o m o u s s e l f - p o w e r e d t r a n s m i t t e r p l a t f o r m w a s c o n s t r u c t e d . 
• E x t e n s i v e i m p r o v e m e n t s w e r e m a d e t o t h e R F rece iver s i g n a l c h a i n in o r d e r t o c o m p e n s a t e for 
n e a r o u t - o f - b a n d i n t e r f e r e n c e a n d ampl i f i er n o i s e . 
• S o f t w a r e i m p r o v e m e n t s i n c l u d e d a n S Q L d a t a b a s e in ter face for c a p t u r e d d a t a a n d a s s o c i a t e d 
m e t a d a t a in o r d e r t o f a c i l i t a t e s t o r a g e a n d re tr ieva l . 
In a d d i t i o n t o t h e s e i m p r o v e m e n t s , f ie ld m e a s u r e m e n t s w e r e t a k e n t o d e m o n s t r a t e c h a n n e l s o u n d ­
i n g o p e r a t i o n a n d d i r e c t i o n finding in e n v i r o n m e n t s w i t h c o p i o u s n o i s e a n d i n t e r f e r e n c e . C o l l e c ­
t i ve ly , t h e s e o u t p u t s fulfill t h e r e s e a r c h d e l i v e r a b l e s for t h e y e a r 2 0 0 6 c o l l a b o r a t i v e p r o j e c t b e t w e e n 
A e r o s p a c e C o r p o r a t i o n a n d G e o r g i a T e c h . 
F u t u r e w o r k for t h i s o n g o i n g c o l l a b o r a t i o n wi l l l ike ly i n v o l v e m o r e m e a s u r e m e n t s a n d further 
m i n i a t u r i z a t i o n o f t h e array c h a n n e l s o u n d e r . T h e u l t i m a t e goa l of t h e r e s e a r c h s h o u l d b e a s i n g l e 
c o m p a c t r e c e i v e r b o x c o n t a i n i n g all R F c o m p o n e n t s a n d a n a l o g - t o - d i g i t a l c o n v e r s i o n h a r d w a r e . T h i s 
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b o x c o u l d t h e n b e p l u g g e d i n t o a n e t w o r k or l a p t o p c o m p u t e r a n d an a r b i t r a r y array m a n i f o l d 
for p o r t a b l e d i r e c t i o n - f i n d i n g a n d c h a n n e l m e a s u r e m e n t . W h e n c o u p l e d w i t h t h e array p r o c e s s i n g 
s o f t w a r e d e v e l o p e d d u r i n g t h e 2 0 0 4 a n d 2 0 0 5 p h a s e of t h i s c o l l a b o r a t i v e p r o j e c t , t h e e n d r e s u l t 
w i l l b e a d y n a m i c , p o r t a b l e u n i t c a p a b l e o f b o t h s p a t i o - t e m p o r a l c h a n n e l s o u n d i n g a n d / o r a c c u r a t e 
D F l o c a t i o n of 2 .4 G H z r a d i o s in a c o m p l i c a t e d r a d i o s c a p e . T e m p o r a l a n d s p a t i a l a n a l y s i s of t h e 
m e a s u r e m e n t s s h o u l d b e a b l e t o y i e l d d e t a i l e d d a t a t o a s s i s t in d e t a i l e d c h a n n e l c h a r a c t e r i z a t i o n . 
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Chapter 1 
INTRODUCTION 
T h i s t e c h n i c a l r e p o r t d e s c r i b e s t h e c o n t i n u e d i m p r o v e m e n t of a b r o a d b a n d s p a t i o - t e m p o r a l c h a n n e l 
s o u n d e r o p e r a t i n g a t t h e 2 .4 G H z I S M f r e q u e n c y b a n d , as we l l a s a m e a s u r e m e n t c a m p a i g n d e m o n ­
s t r a t i n g t h e s o u n d e r . B a s e d o n t h e core 8 - e l e m e n t r e c e i v e r s y s t e m p r o v i d e d b y t h e A e r o s p a c e C o r p . , 
G e o r g i a T e c h g r a d u a t e s t u d e n t r e s e a r c h e r s C h r i s D u r k i n a n d R y a n P i r k l d e s i g n e d n e w h a r d w a r e 
a n d s o f t w a r e t h a t a l l o w s b r o a d b a n d R F c h a n n e l s o u n d i n g w i t h i n c r e a s e d m o b i l i t y for m e a s u r e ­
m e n t . K e y c o n t r i b u t i o n s i n c l u d e a n i m p r o v e d h i g h - s p e e d pseudo-random noise (PN) generator for 
t r a n s m i t t i n g a b r o a d b a n d w a v e f o r m , a n i m p r o v e d vector RF signal generator for g e n e r a t i n g s t a b l e , 
p r o g r a m m a b l e f r e q u e n c i e s t o d r i v e rece iver h a r d w a r e , i m p r o v e d f i l ter ing in t h e R F r e c e i v e r front 
e n d , a n d s p a t i o - t e m p o r a l d a t a a c q u i s i t i o n s o f t w a r e . 
T h i s w o r k is a c o n t i n u a t i o n of t h e d i r e c t i o n - f i n d i n g r e s e a r c h c o l l a b o r a t i o n c o n d u c t e d b y t h e 
A e r o s p a c e C o r p . a n d t h e P r o p a g a t i o n G r o u p a t t h e G e o r g i a I n s t i t u t e of T e c h n o l o g y . T h e n e w 
c h a n n e l s o u n d i n g s y s t e m is c a p a b l e of r e s o l v i n g m u l t i p a t h d e l a y s p r e a d of 1 0 0 n s of t i m e - o f - a r r i v a l 
de lay . 
1.1 Motivation 
A l l t e r r e s t r i a l d i r e c t i o n - f i n d i n g ( D F ) r e c e i v e r s m u s t c o n t e n d w i t h t h e d i s t o r t i n g e f fects o f m u l t i p a t h 
p r o p a g a t i o n a s we l l a s t h e e v e r - i n c r e a s i n g n u m b e r of i n - b a n d r a d i o inter ferers . T h i s is e s p e c i a l l y t r u e 
w h e n r a n g i n g m o b i l e w i r e l e s s t e r m i n a l s s u c h as t h o s e o p e r a t i n g in t h e 2 .4 G H z industrial-scientific-
medical ( I S M ) b a n d , w h i c h o p e r a t e in h i g h m u l t i p a t h , h i g h i n t e r f e r e n c e e n v i r o n m e n t s . 
T h e c o m b i n a t i o n of b r o a d b a n d c h a n n e l s o u n d i n g c a p a b i l i t y w i t h t h e 8 - e l e m e n t r e c e i v e r array is 
a p o w e r f u l r e s e a r c h t o o l for i l l u m i n a t i n g t h e s p a t i o - t e m p o r a l c h a r a c t e r i s t i c s of t h e r a d i o c h a n n e l a t 
2 .4 G H z . P N c o r r e l a t i o n s m a y t h e n b e p e r f o r m e d in s o f t w a r e t o e x t r a c t c h a n n e l i n f o r m a t i o n a s a 
f u n c t i o n of d e l a y ; d i r e c t i o n f ind ing ( D F ) a l g o r i t h m s m a y s i m u l t a n e o u s l y b e p e r f o r m e d in s o f t w a r e 
t o e x t r a c t s p a t i a l c h a n n e l i n f o r m a t i o n . 
N o t o n l y are c o n v e n t i o n a l s p a c e - t i m e s t a t i s t i c s ( ang le -o f -arr iva l , t i m e - o f - a r r i v a l , d e l a y s p r e a d , 
a n g l e s p r e a d , e t c . ) a v a i l a b l e w i t h s u c h m e a s u r e m e n t s , b u t w e p r o p o s e a n e w t e c h n i q u e for e x t r a c t i n g 
(B P r o p a g a t i o n 
3 
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m u l t i p a t h c h a r a c t e r i s t i c s f r o m w i t h i n a m e a s u r e d d e l a y "bin". E a c h d e l a y "bin" c o n t a i n s a v a r i e t y of 
m u l t i p a t h c o m p o n e n t s w h i c h wi l l p r o d u c e s m a l l - s c a l e f a d i n g in s p a c e . A n e x a m p l e of s u c h b r o a d b a n d 
f a d i n g is i l l u s t r a t e d in F i g u r e 1 .1 . 
D e l a y ( n s ) T i m e ( s ) 
F i g u r e 1.1 Example of a broadband channel fading as a function of motion. The delay samples undergo different 
levels of Rician fading, revealing the underlying multipath structure of the channel [Dur03]. 
U s u a l l y , t h e i n t r a - b i n m u l t i p a t h c o n s i s t s o f o n e or t w o d o m i n a n t , s p e c u l a r w a v e c o m p o n e n t s a n d 
a g r o u p of s m a l l e r m u l t i p a t h w a v e s t h a t c a n c o l l e c t i v e l y b e r e g a r d e d as diffuse p o w e r . B y d r a g g i n g 
t h e r e c e i v e r a n t e n n a s t h r o u g h s p a c e , it is p o s s i b l e t o c o l l e c t a h i s t o g r a m of f a d i n g p o w e r for e a c h 
d e l a y "bin". T h e u n i q u e s h a p e of t h e h i s t o g r a m wi l l i l l u m i n a t e t h e u n d e r l y i n g m u l t i p a t h s t r u c t u r e 
[AbdOO], [ D u r 0 2 ] . 
1.2 Future Work 
In 2 0 0 4 , t h e c o l l a b o r a t i o n b e t w e e n A e r o s p a c e C o r p . a n d G e o r g i a T e c h r e s u l t e d in a s u i t e of s o f t w a r e 
c a p a b l e o f a n a l y z i n g t h e v a r i o u s d i r e c t i o n - f i n d i n g a l g o r i t h m s for m e a s u r e m e n t d a t a . In 2 0 0 5 , t h e 
c o l l a b o r a t i o n r e s u l t e d in a w o r k i n g s p a t i o - t e m p o r a l c h a n n e l s o u n d e r w i t h an 8 - e l e m e n t array. In 
2 0 0 6 , fur ther i m p r o v e m e n t s t o t h e s y s t e m w e r e m a d e a n d i n t e r e s t i n g m e a s u r e m e n t s w e r e c o n d u c t e d 
in t h e 2 .4 G H z b a n d . 
F u t u r e w o r k s h o u l d f o c u s o n t h e f o l l o w i n g areas : 
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Chapter 2 
HARDWARE 
2.1 Changes to Receiver 
P r e v i o u s m e a s u r e m e n t s m a d e u s i n g t h e s y s t e m w e r e t a k e n i n d o o r s . H o w e v e r , t h e m u l t i p a t h p r o p ­
a g a t i o n d e l a y s ( o n t h e o r d e r of t e n s of n a n o s e c o n d s ) w e r e of insuf f i c ient d u r a t i o n t o m e a s u r e w i t h 
t h e a v a i l a b l e r e c e i v e r b a n d w i d t h . O n c e t h e s y s t e m w a s m o v e d o u t s i d e , n e a r o u t - o f - b a n d i n t e r f e r e n c e 
w a s f o u n d t o b e s a t u r a t i n g t h e i n p u t L N A s . I S M b a n d R F f i l ters w e r e p r e s e n t in t h e rece iver s i g n a l 
c h a i n , b u t o n l y af ter t h e L N A , s o t h e s e f i l ters w e r e m o v e d d i r e c t l y af ter t h e a n t e n n a . In a d d i t i o n , 
H P F s w e r e a d d e d in b o t h t h e R F a n d I F s e c t i o n s of t h e rece iver t o f ur t her m i t i g a t e t h e ef fects of 
n e a r o u t - o f - b a n d i n t e r f e r e n c e . S e e F i g u r e 2 .1 for a r e v i s e d s y s t e m b l o c k d i a g r a m . T o s u m m a r i z e , 
t h e f o l l o w i n g w e r e a d d e d : 
• P r e - L N A f i l ter ing , c o n f i n i n g all s i g n a l s e n t e r i n g t h e L N A t o t h e 2 .4 G H z I S M b a n d . 
• H i g h - p a s s f i l ter ing o f t h e R F s i g n a l a n d I F s i g n a l . T h e p r e v i o u s d e s i g n c o n t a i n e d l o w - p a s s 
f i l t er ing o n l y a n d d i d n o t p r o p e r l y c o n s t r a i n t h e u n a m b i g u o u s b a n d w i d t h . 
2.2 Power calibration 
S y s t e m c a l i b r a t i o n p r o v i d e d l i n e a r c o r r e l a t i o n b e t w e e n t h e A D C 8 - b i t i n t e g e r v a l u e a n d t h e r e c e i v e d 
s i g n a l v o l t a g e . T h e t r a n s m i t t e r o u t p u t p o w e r w a s first m e a s u r e d d i r e c t l y u s i n g a s p e c t r u m a n a l y z e r . 
T h e n , t h e o u t p u t w a s c o n n e c t e d t o t h e rece iver v i a a s t e p p e d - a t t e n u a t o r . T h e a t t e n u a t o r w a s 
s t e p p e d f r o m 0 t o 7 0 d B in 10 d B i n c r e m e n t s . T h e A D C r a n g e w a s 0 t o 2 5 5 b i t s , c r e a t i n g a D C 
t e r m t h a t n e c e s s i t a t e d r e m o v a l pr ior t o p r o c e s s i n g . T h e z e r o - m e a n A D C d a t a , w h i c h r e p r e s e n t e d 
s c a l e d v o l t a g e , w a s s q u a r e d t o r e p r e s e n t s c a l e d p o w e r . T h i s s c a l e d p o w e r w a s p l o t t e d a g a i n s t t r u e 
p o w e r t o i d e n t i f y t h e l inear r e g i o n of o p e r a t i o n . W i t h i n t h i s r e g i o n , a c o n s t a n t c o r r e c t i o n f a c t o r w a s 
a p p l i e d t o a l i g n t h e m e a s u r e d p o w e r w i t h t h e t r u e p o w e r . T h e n o n l i n e a r r e g i o n r e c e i v e d t h e s a m e 
c o r r e c t i o n fac tor . 
T h e r e s u l t i n g c u r v e s h o w s a 1 t o 1 r e l a t i o n s h i p b e t w e e n m e a s u r e d p o w e r a n d t r u e p o w e r for t h e 
(Q P r o p a g a t i o n 7 
8 2.4 GHz ISM Channel Sounder Hardware Chapter 2 
F i g u r e 2.1 Revised receiver block diagram. 
F i g u r e 2 .2 Photograph of the added filtering. 
range of -85 dBm to -55 dBm as shown in Figure 2.4. Above -55 dBm, the receiver's amplifiers 
become saturated. Therefore, the received signal power should be no more than -55 dBm to ensure 
Propagation 
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Chapter 3 
RECEIVER PN PROCESSING 
T H E F O L L O W I N G S E C T I O N G I V E S S O M E B A C K G R O U N D O N T H E R E C E I V E R P N P R O C E S S I N G U S E D T O P R O D U C E D E L A Y 
S P R E A D M E A S U R E M E N T S . D I S C U S S I O N O F C H A N N E L C H A R A C T E R I S T I C S D R A W S M A I N L Y F R O M [ D U R 0 3 ] . 
3.1 Despreading 
A F T E R S H I F T I N G T H E S I G N A L T O B A S E B A N D , A N D T H E R E B Y G E N E R A T I N G T H E I N P H A S E A N D Q U A D R A T U R E C H A N N E L S , 
I T I S N E C E S S A R Y T O D E S P R E A D T H E S I G N A L . D E S P R E A D I N G I S A C H I E V E D V I A C R O S S - C O R R E L A T I O N O F T H E S I G N A L W I T H 
A T E M P L A T E P S E U D O - R A N D O M N O I S E ( P N ) S E Q U E N C E T H A T I S I D E N T I C A L T O T H E T R A N S M I T T E D P N . F I G U R E 3 . 1 
S H O W S A S E C T I O N O F A P N S E Q U E N C E . 
T H E B I N A R Y P N S E Q U E N C E W A S G E N E R A T E D I N S O F T W A R E B Y E M U L A T I N G T H E F I B O N A C C I T O P O L O G Y F O R A 
L I N E A R F E E D B A C K S H I F T R E G I S T E R ( L F S R ) [ G O R 0 2 ] . T H E R E S U L T I N G B I N A R Y S E Q U E N C E W A S T H E N " C L O C K E D " A T 
1 0 M H Z , S A M P L E D A T 9 9 M H Z , A N D N O R M A L I Z E D . E X C E P T I N G P H A S E O F F S E T S , T H I S G E N E R A T E S A D I G I T I Z E D 
C O P Y O F T H E T R A N S M I T T E D B A S E B A N D S I G N A L W I T H U N I T P O W E R . 
A S S U M I N G T W O W I D E - S E N S E S T A T I O N A R Y P R O C E S S E S x(t) A N D y(t), C R O S S - C O R R E L A T I O N I N T H E T I M E D O M A I N 
I S D E F I N E D A S 
Rxy(r) = J x(t)y(t - r)dt ( 3 . 1 . 1 ) 
S I M I L A R L Y , I N T H E D I S C R E T E D O M A I N , T H E C R O S S - C O R R E L A T I O N I S 
L 
Rxyjm) = )dx(n)y(n — m) ( 3 . 1 . 2 ) 
n = L 
C R O S S - C O R R E L A T I O N O F T H E D I S C R E T I Z E D B A S E B A N D R E C E I V E D S I G N A L W I T H T H I S T E M P L A T E P N S E R V E S T O D E S P R E A D 
T H E S P R E A D S P E C T R U M S I G N A L , A N D T H E R E B Y S I G N I F I C A N T L Y R E D U C I N G I T S B A N D W I D T H . T H E T E M P L A T E P N A C T S 
A S A M A T C H E D FILTER F O R T H E T R A N S M I T T E D P N S E Q U E N C E , S E L E C T I V E L Y E X T R A C T I N G I T A N D C O M P R E S S I N G I T S 
S P E C T R U M W H I L E S U P P R E S S I N G A N Y N O I S E O R I N T E R F E R E R S T H A T M A Y B E P R E S E N T . T H I S E N T I R E O P E R A T I O N 
P R O V I D E S A N I M P R O V E M E N T I N T H E S I G N A L - T O - N O I S E R A T I O , W H I C H I S D E F I N E D A S T H E R A T I O O F S I G N A L P O W E R 
T O N O I S E P O W E R : 
S N R
 = Ww) ( 3 L 3 ) 
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F i g u r e 3 .1 Section of a 511-bit PN sequence clocked at 10 MHz. 




where Nq is the noise power density and BW is bandwidth. 
It can be seen from 3.1.4 that the wider the bandwidth, the greater the total noise power present 
in a system. For example, consider two signals with equal signal power. However, one signal occupies 
twice the bandwidth of the other. For a given receiver with a constant noise figure, the narrow-band 
signal would have twice the SNR as compared to its more wide-band cousin. If one could somehow 
compress the spectrum of the wide-band signal without losing any signal power, then the SNR would 
improve accordingly. 
Therefore, the reduction in bandwidth brought about by despreading the received signal leads 
to an improvement in the SNR. This change in SNR due to despreading is known as process gain 
and, for direct sequence spread spectrum systems, may be estimated as [Dix94] 
PR 
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For d i r e c t s e q u e n c e s p r e a d s p e c t r u m s y s t e m s , t h e d a t a r a t e R d a t a a s s u m i n g u t i l i z a t i o n of t h e b o t h 
i n p h a s e a n d q u a d r a t u r e R F c h a n n e l s is [D ix94] 
R d a t a = 2 ^ ( 3 . 1 . 6 ) 
w h e r e L i s t h e l e n g t h of t h e P N s e q u e n c e . 
T h e r e are v a r i o u s m e t r i c s for c a l c u l a t i n g t h e b a n d w i d t h of a d i r e c t s e q u e n c e s p r e a d s p e c t r u m 
s i g n a l d e p e n d i n g o n w h e t h e r o n e u s e s t h e - 3 d B b a n d w i d t h , t h e - 1 0 d B b a n d w i d t h , or t h e n u l l - t o - n u l l 
b a n d w i d t h . A s a m a t t e r of s i m p l i c i t y , t h i s r e p o r t wi l l u s e t h e c o n v e n t i o n of n u l l - t o - n u l l b a n d w i d t h , 
w h i c h i s e a s i l y s h o w n t o b e t w i c e t h e c lock r a t e o f t h e P N s e q u e n c e . F i g u r e 3 . 2 s h o w s t h e s p e c t r u m 
o f a P N s e q u e n c e ; n o t e t h e n u l l s o c c u r a t ± 1 0 M H z . 
P o w e r S p e c t r u m of P N S e q u e n c e 
F r e q u e n c y (MHz) 
F i g u r e 3 .2 Spectrum of a 511-bit PN sequence clocked at 10 MHz. 
A c c o r d i n g l y , g i v e n t h a t BWrf = 2fcik, i t c a n b e s e e n f r o m 3 . 1 . 5 a n d 3 . 1 . 6 t h a t t h e p r o c e s s i n g 
g a i n of a d i r e c t s e q u e n c e s p r e a d s p e c t r u m s y s t e m is e q u i v a l e n t t o t h e l e n g t h of t h e P N s e q u e n c e . 
W h i l e larger c o d e s p r o v i d e g r e a t e r p r o c e s s i n g g a i n , t h e y a l s o r e q u i r e a d d i t i o n a l t i m e t o t r a n s m i t 
t h e e n t i r e s e q u e n c e . T h e l o n g e r s i g n a l p e r i o d c a n b e c o m p e n s a t e d b y i n c r e a s i n g t h e c lock r a t e of 
t h e P N s e q u e n c e , b u t t h i s wi l l in t u r n requ ire m o r e b a n d w i d t h in t h e R F l ink a n d , d u e t o s y s t e m 
c o n s t r a i n t s a n d F C C r e g u l a t i o n s , s u c h b a n d w i d t h m a y n o t a l w a y s b e a v a i l a b l e . 
P r o p a g a t i o n 
® - @ G r o u p WWBBBTI August 30, 2006 
1 4 2.4 GHz ISM Channel S o u n d e r Receiver PN Processing Chapter 3 
3.2 Infinite bandwidth channel impulse response 
F o r a c h a n n e l of in f in i t e b a n d w i d t h , t h e C I R is t h e c o m p l e x r e s p o n s e of t h e c h a n n e l t o a t r a n s m i t t e d 
s i g n a l s u c h t h a t 
x~R(t) = H{r;t,r)®xT(t) ( 3 . 2 . 1 ) 
w h e r e <g) d e n o t e s c o n v o l u t i o n , XT{t) is t h e t r a n s m i t t e d b a s e b a n d v o l t a g e w a v e f o r m , x~R(t) is t h e 
r e c e i v e d q u a d r a t u r e w a v e f o r m , a n d H(r;t,r) is t h e b a s e b a n d r e p r e s e n t a t i o n of t h e C I R a t t i m e 
t a n d l o c a t i o n r , a n d r e p r e s e n t s t h e F o u r i e r t r a n s f o r m pa ir o f t h e w i r e l e s s c h a n n e l h(t,f,r) w i t h 
r e s p e c t t o f r e q u e n c y . I t s h o u l d b e p o i n t e d o u t t h a t t h e d e f i n i t i o n of t h e w i r e l e s s c h a n n e l h(t,f,r) 
is for t h e p a s s - b a n d r e p r e s e n t a t i o n , m e a n i n g t h a t t h e f r e q u e n c y / c o r r e s p o n d s t o t h e a c t u a l r a d i o 
f r e q u e n c y of i n t e r e s t . H o w e v e r , i t i s g e n e r a l l y m o r e c o n v e n i e n t t o w o r k in b a s e b a n d . 
It s h o u l d b e f u r t h e r n o t e d t h a t t h e c o n v o l u t i o n d e s c r i b e d in 3 . 2 . 1 a p p l i e s t o de lay , r , w i t h r e s p e c t 
t o t h e c h a n n e l i m p u l s e r e s p o n s e a n d t i m e , t, w i t h r e s p e c t t o t h e t r a n s m i t t e d s i g n a l . T h i s b e c o m e s 
m o r e d i g e s t i b l e for t h e c a s e of a s t a t i c c h a n n e l , for w h i c h o n e m a y i g n o r e t h e t e m p o r a l v a r i a t i o n s . 
T h e r e f o r e 
xR(t) = H{r-r)\ ®xT{t) ( 3 . 2 . 2 ) 
\T = t 
w h e r e it is b e c o m e s m o r e a p p a r e n t t h a t t h e c o n v o l u t i o n o p e r a t o r a p p l i e s t o t h e p a r a m e t e r s in H(T; r) 
a n d xr{t) t h a t c a r r y t h e u n i t s o f t i m e : r a n d t, r e s p e c t i v e l y . T o m i n i m i z e c o n f u s i o n , t h e a s s u m p t i o n 
of a s t a t i c c h a n n e l w i l l b e m a d e t o m a k e t h e m a t h m o r e l u c i d . J u s t i f i c a t i o n of t h i s a s s u m p t i o n s h a l l 
f o l l o w in a l a t e r s e c t i o n . 
M a t h e m a t i c a l l y , t h e C I R m a y b e d e s c r i b e d a s a s u m m a t i o n of D i r a c d e l t a f u n c t i o n s , e a c h w i t h 
a d e l a y T j a n d c o m p l e x a m p l i t u d e Ai. 
H{T-r) = Y^Ai5{T-N) ( 3 . 2 . 3 ) 
A n e x a m p l e of a C I R c a n b e s e e n in F i g u r e 3 . 3 . C o n v o l u t i o n o f t h e t r a n s m i t t e d s i g n a l w i t h t h e C I R 
p r o d u c e s a r e c e i v e d s i g n a l x~R(t) a t l o c a t i o n r t h a t is e q u i v a l e n t t o t h e s u m of m u l t i p l e d e l a y e d a n d 
c o m p l e x - s c a l e d c o p i e s o f xr{t). 
x-R(t) = H{T\T)\ ®xT{t) = yy AiXrit-n) ( 3 . 2 . 4 ) 
\ r = t 
T h e r e f o r e , if o n e w e r e t o t r a n s m i t a w a v e f o r m de f ined a s an i m p u l s e f u n c t i o n s c a l e d b y a v o l t a g e VT 
xT(t) = VT8{t) ( 3 . 2 . 5 ) 
t h e n t h e r e c e i v e d w a v e f o r m x~R(t) w o u l d r e p r e s e n t t h e C I R s c a l e d b y t h e v o l t a g e Vp a t l o c a t i o n r. 
x-R{t) = VT H(r;r)\ ( 3 . 2 . 6 ) 
N o r m a l i z a t i o n of t h e r e c e i v e d w a v e f o r m b y Vp w o u l d t h e r e f o r e r e s u l t in t h e C I R . 
P r o p a g a t i o n 
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C h a n n e l Impulse R e s p o n s e Magni tude 
0.5 1.5 2 2.5 
T i m e (us ) 
F i g u r e 3 .3 Example channel impulse response. 
3.5 
3.3 B a n d - l i m i t e d c h a n n e l i m p u l s e r e s p o n s e 
T h e d e s c r i p t i o n of t h e C I R a s a s u m m a t i o n of d e l a y e d , c o m p l e x i m p u l s e s a s s u m e s a c h a n n e l of 
in f in i te b a n d w i d t h . T h e F o u r i e r t r a n s f o r m of a n i m p u l s e 5(t) s c a l e d b y A a n d d e l a y e d b y r h a s 
c o n s t a n t m a g n i t u d e a n d f r e q u e n c y d e p e n d e n t p h a s e . 
F{A5(t-r)} = Aei2*fr ( 3 . 3 . 1 ) 
A n y c o n s t a n t t e r m s p a n n i n g t h e e n t i r e f r e q u e n c y d o m a i n is c o m m o n l y referred t o a s w h i t e n o i s e , 
a n d it is t h i s i n f i n i t e b a n d w i d t h t h a t l e a d s t o t h e i n f i n i t e s i m a l l y s h o r t i m p u l s e in t h e t i m e d o m a i n . 
P h y s i c a l a n d p r a c t i c a l l i m i t a t i o n s o n b a n d w i d t h m a k e it i m p o s s i b l e t o s o u n d a w i r e l e s s c h a n n e l w i t h 
a t r u l y in f in i t e b a n d w i d t h i m p u l s e . H o w e v e r , it i s p o s s i b l e t o t r a n s m i t a n d r e c e i v e a b a n d - l i m i t e d 
i m p u l s e a s a p p r o x i m a t e d b y a s h o r t d u r a t i o n w a v e f o r m , s u c h as a s q u a r e w a v e . 
T h e P N t e m p l a t e s e q u e n c e c o n s i s t s of a t r a i n of s q u a r e w a v e s w i t h d u r a t i o n T c , a s g i v e n b y 
pn(t) = J2 Krect(Tc, t - Tc(i - 1 / 2 ) ) 
1 = 1 
P r o p a g a t i o n 
G r o u p frwS:i 
( 3 . 3 . 2 ) 
August 30, 2006 
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a n d 
rect(T, t) = u(T/2 - \t\) ( 3 . 3 . 3 ) 
w h e r e u(t) is t h e u n i t s t e p f u n c t i o n , L is t h e l e n g t h of t h e P N s e q u e n c e , is - 1 , 1 a s d e t e r m i n e d 
b y t h e P N s e q u e n c e , a n d Tc is t h e p e r i o d g i v e n a s 1/fdk- For t h e p u r p o s e of c h a n n e l s o u n d i n g , 
t h e t r a n s m i t t e d s i g n a l m a y b e d e s c r i b e d a s a s i n g l e s q u a r e w a v e w i t h a m p l i t u d e V<T a s s h o w n in 
F i g u r e 3 . 4 . 
XT(t) = VTrect{Tc, t - T c / 2 ) ( 3 . 3 . 4 ) 
In rea l i ty , a t r a i n of s u c h s q u a r e w a v e s are b e i n g t r a n s m i t t e d in a p s e u d o - r a n d o m p a t t e r n s u c h t h a t 
t h e t r a i n of p u l s e s a s a w h o l e r e s e m b l e b a n d - l i m i t e d w h i t e n o i s e . M o r e prec i se ly , t h e s p e c t r u m o f 
t h e P N s e q u e n c e a p p e a r s a s w h i t e n o i s e b o u n d e d b y t h e s p e c t r a l m a s k c o r r e s p o n d i n g t o a sinc(Tcf) 
f u n c t i o n a s s e e n in F i g u r e 3 . 2 . T h e r e b y , t h e t r a n s m i t t e d P N s e q u e n c e is b a n d - l i m i t e d w h i t e n o i s e , 
f r o m w h i c h it b e c o m e s p o s s i b l e t o d e t e r m i n e t h e b a n d - l i m i t e d c h a n n e l i m p u l s e r e s p o n s e . A g a i n 
S q u a r e W a v e of Duration T 










0 . 5 H 
- 0 5 ' 1 1 • 1 ' 1 1 
- 2 - 1 . 5 - 1 - 0 . 5 0 0 . 5 1 1 . 5 2 
Time (us) 
F I G U R E 3 . 4 T H E B A N D - L I M I T E D I M P U L S E W I T H D U R A T I O N Tc U S E D FOR C H A N N E L S O U N D I N G . 
c o n s i d e r i n g t h e t r a n s m i s s i o n of a s i n g l e s q u a r e w a v e , t h e r e c e i v e d w a v e f o r m wi l l b e 
= ^ [ ^ V r r e c f ( T c , t - T c / 2 - r . ) ] ( 3 . 3 . 5 ) 
JQ P r o p a g a t i o n 
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w h i c h is t h e s u m m a t i o n of a t r a i n of c o m p l e x - s c a l e d a n d d e l a y e d s q u a r e w a v e s as r e s u l t i n g f rom t h e 
c o n v o l u t i o n of t h e t r a n s m i t t e d w a v e f o r m w i t h t h e C I R as s e e n in F i g u r e 3 . 5 . C r o s s - c o r r e l a t i o n o f 
Xfi(t) w i t h a u n i t a m p l i t u d e t e m p l a t e o f t h e t r a n s m i t t e d s q u a r e w a v e xr(0 p r o d u c e s a c o r r e s p o n d i n g 
t r a i n o f c o m p l e x - s c a l e d a n d d e l a y e d t r i a n g l e s w a v e s . 
Convolution of x^t) with CIR 
1.5 2 2.5 
Time (us) 
F i g u r e 3 .5 The convolution of the band-limited impulse with the example channel impulse response. 
RxRPn(r) = ^2[AiVTTctriangle(2TC: t - n - Tc/2)} ( 3 . 3 . 6 ) 
w h e r e 
triangle(T, t) = (1 - 2\t\/T)rect(T, t) (3.3.7) 
T h e c r o s s - c o r r e l a t i o n o p e r a t i o n a c t s a s a m a t c h e d filter a n d fur ther c o n t r i b u t e s t o t h e b a n d - l i m i t e d 
n a t u r e o f t h e C I R b y i m p o s i n g y e t a n o t h e r s p e c t r a l m a s k c o r r e s p o n d i n g t o sinc(Tcf). T h e r e f o r e , 
t h e e n t i r e i m p u l s e r e s p o n s e is b a n d - l i m i t e d b y sinc(Tcf)2, w h i c h in t h e t i m e d o m a i n c o r r e s p o n d s t o 
triangle(Tc,t). T h u s , t h e b a n d - l i m i t e d C I R b e c o m e s t h e c o n v o l u t i o n of t h e in f in i t e b a n d w i d t h C I R 
w i t h triangle(2Tc,t). 
H~BL(T; r) = H(T; r) ® triangle(2Tc, t) =J~] Aitriangle(2Tc, t - Tj) ( 3 . 3 . 8 ) 
(Q P r o p a g a t i o n 
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T h i s is p r e c i s e l y t h e r e s u l t t h a t is a c h i e v e d af ter t h e c r o s s - c o r r e l a t i o n p r o d u c t is n o r m a l i z e d b y t h e 
t r a n s m i t w a v e f o r m v o l t a g e VT a n d t h e s q u a r e - w a v e d u r a t i o n Tc. 
S w i t c h i n g f r o m t h e s q u a r e - w a v e t o a P N s e q u e n c e c o n s i s t i n g of a t r a i n of s q u a r e - w a v e s , t h e 
e n d r e s u l t differs o n l y in t h e n o r m a l i z a t i o n . C o n s i d e r i n g t h e P N s e q u e n c e a s l o n g s q u a r e w a v e of 
d u r a t i o n L T C , w h e r e L is t h e l e n g t h of t h e P N s e q u e n c e , i t c a n b e s e e n t h a t t h i s wi l l s i m p l y s c a l e 
t h e c r o s s - c o r r e l a t i o n p r o d u c t b y a f a c t o r L . T h i s is t h e r e a l i z a t i o n of t h e p r o c e s s i n g g a i n af forded b y 
a P N s e q u e n c e a s d i s c u s s e d p r e v i o u s l y . T h e r e f o r e , n o r m a l i z a t i o n of t h e c r o s s - c o r r e l a t i o n p r o d u c t b y 
t h e t r a n s m i t w a v e f o r m v o l t a g e VT a n d P N p e r i o d L T C wi l l p r o d u c e t h e b a n d - l i m i t e d C I R a s s e e n in 
F i g u r e 3 . 6 . F i g u r e 3 . 7 s h o w s a m e a s u r e d c h a n n e l i m p u l s e r e s p o n s e p r o d u c e d b y t h e a f o r e m e n t i o n e d 
m e t h o d . 
N O R M A L I Z E D C R O S S - C O R R E L A T I O N 
1 . 5 I 1 1 1 1 1 1 1 1 
- 0 . 5 I , , , , , , , 
0 0 . 5 1 1 . 5 2 2 . 5 3 3 . 5 4 
T I M E ( U S ) 
F I G U R E 3 . 6 T H E N O R M A L I Z E D C R O S S C O R R E L A T I O N O F T H E R E C E I V E D W A V E F O R M W I T H T H E T E M P L A T E P N S E Q U E N C E . 
G I T ( R , F ) A
 W L 1 ( 3 - 3 - 9 ) 
P R O P A G A T I O N 
G R O U P | § J P P S J R J A U G U S T 3 0 , 2 0 0 6 
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C I R M a g n i t u d e f o r I D 2 8 9 
k . . . 
1 — c l a n n e l 1 | 
k 
0 0 . 5 1 1 . 5 2 2 . 5 3 3 . 5 4 
D e l a y ( u . s ) 
F i g u r e 3 . 7 T h e m e a s u r e d c h a n n e l i m p u l s e r e s p o n s e f o r I D 2 8 9 . 
3.4 Power delay profile 
A m o r e c o m m o n r e p r e s e n t a t i o n o f t h e t i m e - d e l a y e d m u l t i p a t h i s t h e p o w e r d e l a y p r o f i l e ( P D P ) , 
w h i c h i s d e f i n e d a s t h e m a g n i t u d e - s q u a r e d o f t h e C I R . 
PDP =\H{r;r)\2 ( 3 . 4 . 1 ) 
T h e P D P i s t h e p a t h l o s s t h r o u g h t h e c h a n n e l a n d i s t y p i c a l l y e x p r e s s e d i n d B . T h e e n v e l o p e 
o f a P D P g e n e r a l l y f o l l o w s a n e x p o n e n t i a l d e c a y c u r v e , w i t h t h e s t r o n g e s t m u l t i p a t h c o m p o n e n t s 
( t y p i c a l l y t h e l i n e - o f - s i g h t c o m p o n e n t ) a r r i v i n g e a r l i e s t , f o l l o w e d b y w e a k e r m u l t i p a t h c o m p o n e n t s 
w i t h i n c r e a s e d d e l a y . T h i s i s n o t a n a b s o l u t e s t a t e m e n t h o w e v e r , a n d d e p e n d i n g o n t h e p h y s i c s o f 
t h e c h a n n e l , w e a k e r m u l t i p a t h c o m p o n e n t s c a n a r r i v e b e f o r e s t r o n g e r o n e s . 
3.5 Time averaged power delay profiles 
T h e m e a s u r e m e n t s ( s e e C h a p t e r 5) w e r e p e r f o r m e d o n a u n i v e r s i t y c a m p u s b e t w e e n s e m e s t e r s l a t e 
a t n i g h t . T h e s e c o n d i t i o n s , a s w e l l a s t h e z e r o v e l o c i t y o f b o t h t r a n s m i t t e r a n d r e c e i v e r , m a k e 
f o r a m o s t l y s t a t i c c h a n n e l . H o w e v e r , t i m e - v a r y i n g s c a t t e r e r s c a u s e d b y t r e e s s w a y i n g i n t h e w i n d 
J B P r o p a g a t i o n 
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A S W E L L A S T H E O C C A S I O N A L M O V I N G V E H I C L E O R P E D E S T R I A N C A N E F F E C T M A G N I T U D E , P H A S E , A N D D E L A Y O F 
M U L T I P A T H C O M P O N E N T S , I N T R O D U C E A D D I T I O N A L M U L T I P A T H , A N D P R O D U C E A N O N - Z E R O D O P P L E R S P E C T R U M . 
T H E R E L A T I V E L Y S L O W T E M P O R A L V A R I A T I O N S A F F O R D E D B Y T H E S E S C A T T E R E R S W O U L D H A V E M I N I M A L E F F E C T O N T H E 
C H A N N E L C H A R A C T E R I S T I C S D U R I N G T H E S H O R T S A M P L I N G P E R I O D E M P L O Y E D I N T H I S M E A S U R E M E N T C A M P A I G N 
A N D T I M E - A V E R A G I N G O F T H E P D P W I T H R E S P E C T T O T I M E W O U L D R E M O V E A N Y S U C H P E R T U R B A T I O N S . F I G U R E 3 . 8 
S H O W S A M E A S U R E D P O W E R D E L A Y P R O F I L E A F T E R T I M E - A V E R A G I N G . 
3.6 D E L A Y S P E C T R U M 
T H E D E L A Y S P E C T R U M I S T H E P O W E R S P E C T R A L D E N S I T Y O F T H E C H A N N E L A S A F U N C T I O N O F D E L A Y A N D I S T H E 
S O U R C E O F S E V E R A L K E Y C H A N N E L P A R A M E T E R S S U C H A S R M S D E L A Y S P R E A D A N D C O H E R E N C E B A N D W I D T H . T H E 
D E L A Y S P E C T R U M Sh{r) I S D E F I N E D A S T H E F O U R I E R T R A N S F O R M O F T H E A U T O C O R R E L A T I O N O F T H E C H A N N E L ' S 
F R E Q U E N C Y R E S P O N S E , 
Sh(r) = F {E{h(f)h(f + Af)}} ( 3 . 6 . 1 ) 
O R E Q U I V A L E N T L Y , 
Sh(r) = \H{r)\2 ( 3 . 6 . 2 ) 
( Q P R O P A G A T I O N 
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T H E R E F O R E , T H E D E L A Y S P E C T R U M I S T H E E X P E C T A T I O N O F T H E P A T H L O S S T H R O U G H A W I R E L E S S C H A N N E L A T A 
G I V E N D E L A Y . I T I S I M P O R T A N T T O N O T E T H E A B S E N C E O F T H E N O W F A M I L I A R S P A C E P A R A M E T E R r T H A T W A S 
P R E S E N T I N T H E C I R A N D P D P . T H E D E L A Y S P E C T R U M R E P R E S E N T S T H E E X P E C T E D P A T H L O S S A T A N Y P O I N T 
W I T H I N T H E C H A N N E L . T H I S D I F F E R S F R O M T H E P D P , W H I C H I S T H E A C T U A L P A T H L O S S A T A G I V E N P O I N T W I T H I N 
T H E C H A N N E L . S U C H A L O C A L I Z E D M E A S U R E M E N T I S S U S C E P T I B L E T O T H E R A P I D S P A T I A L V A R I A T I O N S I N T H E 
W I R E L E S S C H A N N E L . 
W H I L E P H Y S I C A L F L U C T U A T I O N S W I T H I N T H E C H A N N E L L E A D T O T E M P O R A L V A R I A T I O N S I N M U L T I P A T H P O W E R , 
T H E V E R Y P H Y S I C S O F T H E C H A N N E L L E A D T O S P A T I A L V A R I A T I O N S A N D T H E R E B Y S P A T I A L S E L E C T I V I T Y . F O R T H E 
P E D A G O G I C A L C A S E O F F R E E S P A C E , T H E P R O P A G A T I O N O F A S I N G L E H O M O G E N E O U S P L A N E W A V E T H R O U G H A 
R E G I O N D E V O I D O F S C A T T E R E R S W I L L R E S U L T I N A U N I F O R M P O W E R D E N S I T Y W I T H I N T H E R E G I O N . C O M P A R E T H I S 
T O T H E P R O P A G A T I O N O F T W O H O M O G E N E O U S P L A N E W A V E S W I T H I D E N T I C A L P O L A R I Z A T I O N S B U T U N I Q U E W A V E 
V E C T O R S . T H E E L E C T R I C F I E L D S O F T H E P L A N E W A V E S W I L L C O N S T R U C T I V E L Y A N D D E S T R U C T I V E L Y I N T E R F E R E , R E S U L T I N G 
I N A S P A T I A L L Y V A R Y I N G P O W E R D E N S I T Y . T H E R E F O R E , C O N C E R N I N G T H E R E A L W O R L D S C E N A R I O O F M U L T I P A T H 
P R O P A G A T I O N , W H I C H I N V O L V E S N U M E R O U S H O M O G E N E O U S P L A N E W A V E S W I T H U N I Q U E D E L A Y S , W A V E V E C T O R S , 
A N D C O M P L E X A M P L I T U D E S , S P A T I A L C H A N N E L V A R I A T I O N S A R E U N A V O I D A B L E A N D L E A D T O R A P I D A N D D R A M A T I C 
FLUCTUATIONS I N R E C E I V E D P O W E R . T H E S E FLUCTUATIONS, W H I C H A R E K N O W N A S S M A L L - S C A L E F A D I N G , C A N E A S I L Y 
D I S R U P T A W I R E L E S S L I N K I F C O M P E N S A T O R Y T E C H N I Q U E S S U C H A S A N T E N N A D I V E R S I T Y A R E N O T U T I L I Z E D . 
I F O N E C A N A S S U M E T H E W I R E L E S S C H A N N E L T O B E E R G O D I C W I T H R E S P E C T T O S P A C E , T H E N S P A T I A L A V E R A G I N G 
O F T H E M E A S U R E M E N T D A T A W I L L S M O O T H O U T T H E S E FLUCTUATIONS C A U S E D B Y S M A L L - S C A L E F A D I N G . F O R T H E 
C H A N N E L T O B E E R G O D I C , T H E S P A T I A L A V E R A G E O F A G I V E N R E A L I Z A T I O N O F T H E W I R E L E S S C H A N N E L M U S T E Q U A L 
I T S E X P E C T E D V A L U E A T A N Y P O I N T I N S P A C E . T H E R E B Y 
I F O N E C A N S H O W T H A T T H E C H A N N E L M E E T S T H E C R I T E R I A F O R A S T O C H A S T I C L O C A L A R E A C H A N N E L W I T H U N ­
C O R R E C T E D P H A S E S A N D H E T E R O G E N E O U S S C A T T E R I N G , T H E N E R G O D I C I T Y W I T H R E S P E C T T O S P A C E I S I M P L I C I T , A N 
A S S U M P T I O N W I L L B E J U S T I F I E D . 
A S T O C H A S T I C L O C A L A R E A C H A N N E L I S D E F I N E D A S A R E G I O N I N W H I C H T H E W I R E L E S S C H A N N E L C A N B E 
A C C U R A T E L Y D E S C R I B E D B Y A S U M M A T I O N O F H O M O G E N E O U S P L A N E W A V E S . T H I S I S T Y P I C A L L Y T H E C A S E I N 
R E G I O N S F A R F R O M S C A T T E R E R S . T H E S E C O N D R E Q U I R E M E N T I S T H A T T H E P H A S E S O F T H E H O M O G E N E O U S P L A N E 
W A V E S A R E U N C O R R E L A T E D . C O N S I D E R I N G T H A T T H E M A N Y H O M O G E N E O U S P L A N E W A V E S R E S U L T F R O M D I F F E R E N T 
S C A T T E R E R S A N D T R A V E L D I F F E R E N T D I S T A N C E S , I T I S A S A F E A S S U M P T I O N T H A T T H E I R P H A S E S W I L L B E U N C O R R E L A T E D 
W H E N T H E Y A R R I V E A T T H E R E C E I V E R A N T E N N A . 
T H E R E Q U I R E M E N T O F H E T E R O G E N E O U S S C A T T E R I N G S T A T E S T H A T N O T W O H O M O G E N E O U S P L A N E W A V E S A R R I V E 
F R O M T H E S A M E D I R E C T I O N O R W I T H T H E S A M E D E L A Y . G I V E N T H E R I C H N E S S A N D P H Y S I C A L C O M P L E X I T Y O F A 
P R O P A G A T I O N E N V I R O N M E N T , W H I L E P O S S I B L E , I T B E C O M E S H I G H L Y I M P R O B A B L E F O R T W O W A V E S T O A R R I V E A T 
E X A C T L Y T H E S A M E T I M E O R F R O M E X A C T L Y T H E S A M E D I R E C T I O N . F I N A L L Y , E R G O D I C I T Y M A Y O N L Y B E A S S U M E D 
( Q P R O P A G A T I O N 
(\H(r;x)\2)x = E{\H(r;x)\2} X ( 3 . 6 . 3 ) 
A U G U S T 3 0 , 2 0 0 6 
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for a region denned as the local area. According to the bandwidth-distance threshold, the local area LA is bounded by the ratio of propagation velocity to bandwidth[Dur03]. 
LA < C/B (3.6.4) Thereby, al points within LA of each other can be considered within the same local area. For the 
measurements presented here, where a nul-to-nul RF bandwidth of 20 MHz was used, the local area is found to be 15 m, which is considerably larger than the distance separating points at individual 
measurement locations. Figure 3.9 shows a measured delay spectrum. 















0.5 1 1.5 2 2.5 3 3.5 4 Delay (|is) 
F I G U R E 3.9 T H E M E A S U R E D D E L A Y S P E C T R U M FOR I D 2 8 9 . 
3.7 Channel statistics 
Using the delay spectrum, one may extract the RMS delay spread, which is denned as 
or = y/f* - (r)2 (3.7.1) 
where r2 and r are respectively the first and second moments of the delay spectrum. The RMS delay 
spread is a measure of the frequency selectivity of the wireless channel. Small delay spreads indicate 
(B Propagation ®-© Group S^ SS^ l A U G U S T 3 0 , 2 0 0 6 
Section 3.7. Channel statistics 2.4 GHz ISM Channel S o u n d e r 2 3 
a l a r g e c o h e r e n c e b a n d w i d t h , m e a n i n g t h a t t h e f r e q u e n c y r e s p o n s e is m o s t l y c o n s t a n t w i t h i n t h e 
s p e c t r u m of i n t e r e s t . C o n v e r s e l y , large d e l a y s p r e a d s i n d i c a t e a s m a l l c o h e r e n c e b a n d w i d t h a n d 
t h e r e b y a n o n u n i f o r m f r e q u e n c y r e s p o n s e in t h e s p e c t r u m of i n t e r e s t . T h e c o h e r e n c e b a n d w i d t h 
m a y b e e s t i m a t e d as 
BC = l / 5 c r T ( 3 . 7 . 2 ) 
For t h e d e l a y s p e c t r u m c o r r e s p o n d i n g t o l o c a t i o n 2 8 9 , t h e d e l a y s p r e a d erT w a s 2 0 0 ns ; t h e c o h e r e n c e 
b a n d w i d t h w a s 1 M H z . 
P r o p a g a t i o n 
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P r o p a g a t i o n 




The RF receiver used in the channel sounder described in this report uses bandpass sampling to 
digitize the incoming real IF signal into a complex baseband representation (see chapter 3 of [Lib99] 
for a more rigorous treatment). There are several issues related to this approach that are presented 
in this section. 
4.2 Overview 
Bandpass sampling is an alternative to mixing a signal down to baseband before sampling. In 
baseband sampling, two analog-to-digital converters (ADCs) and a 90° phase shifter are required, 
resulting in two real digital signals, the in-phase and quadrature components. 
However, the signal may be digitized while not centered at zero frequency. The resulting real 
signal still contains both the in-phase and quadrature components. Because the signal is digitized 
above baseband, the in-phase and quadrature channels can be extracted in software while using a 
single ADC per channel. It also avoids offset errors in the demodulator and eliminates additional 
oscillator and mixing hardware. The major drawback to this approach is the extra bandwidth 
required - typically 2 to 3 times the bandwidth that would be required to digitize the same signal 
at baseband. 
4.3 Theory 
Passband sampling depends on the phenomenon of aliasing in order to capture a signal that exists at 
a much higher frequency than the ADC sampling frequency. Most of the time a digital waveform is 
assumed to have been low-pass filtered to confine the input signals to one half the sampling frequency 
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4.4 Filtering 
T h e N y q u i s t f r e q u e n c y r e q u i r e m e n t in n o r m a l s a m p l i n g d o e s n o t l i m i t t h e f r e q u e n c y of t h e i n p u t 
s i g n a l ; i t is m o r e g e n e r a l t o s a y t h a t it c o n s t r a i n s t h e bandwidth. N o r m a l l y i t is a s s u m e d t h a t 
t h e i n p u t s i g n a l b a n d w i d t h is c e n t e r e d a t b a s e b a n d , s o i t is p r o p e r t o c o n s t r a i n t h e s i g n a l t o t h e 
N y q u i s t f r e q u e n c y a n d t h e n l o w - p a s s f i l ter i t . M o s t A D C s a l s o h a v e l i m i t e d b a n d w i d t h a n d m a y 
e n d u p l o w - p a s s f i l t er ing t h e s i g n a l a n y w a y . 
H o w e v e r , if t h e i n p u t s i g n a l b a n d w i d t h of t h e A D C is su f f i c i ent ly h i g h , t h e d e s i r e d b a n d w i d t h c a n 
b e s p e c i f i e d a s c e n t e r e d o n a n y i n t e g e r m u l t i p l e o f t h e s a m p l i n g f requency , p r o v i d e d t h a t e v e r y t h i n g 
o u t s i d e t h i s b a n d w i d t h i s f i l t ered o u t . H e n c e , a b a n d - p a s s f i l ter is r e q u i r e d b e f o r e t h e i n p u t t o t h e 
A D C in o r d e r t o e n s u r e u n a m b i g u o u s r e c o n s t r u c t i o n . T h e f i l ter s h o u l d h a v e b a n d w i d t h e q u a l t o t h e 
b a n d w i d t h of t h e A D C a n d b e c e n t e r e d o n t h e I F f r e q u e n c y of i n t e r e s t . 
4.5 Conclusion 
A s w i t h a n y r e c e i v e r s y s t e m , a d e q u a t e f i l ter ing i s o f p a r a m o u n t i m p o r t a n c e . In p a s s b a n d s a m p l i n g 
r e c e i v e r s , t h i s i n c l u d e s a t i g h t e n o u g h b a n d p a s s f i l ter t o u n a m b i g u o u s l y c o n f i n e t h e I F s i g n a l t o t h e 
b a n d of i n t e r e s t . 
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Chapter 5 
MEASUREMENT CAMPAIGN 
A set of outdoor measurements were taken over a 0.5 mile path on the Georgia Tech campus Fig­
ure 5.1. They included measurements of line-of-sight transmission, obstruction by trees and build­ings, and areas subject to multi-path through ground and building bounces. 
Signal waveforms were recorded by the receiver, located on the roof of the Van Leer building, from 30 distinct locations in the surounding area. The 1W transmiter antenna was a monopole located 
approximately 2 meters above the ground. The measurements were taken on a clear evenig in August, with minimal vehicle and pedestrian trafic. 
5.2 Phase error correction 
Phase erors between the channels must be corected in order to perform beam steering or direction finding. When injected with a constant phase input signal, the channels were not in phase, but the relative phase deviation was found to be consitent within a few degrees from measurement to 
measurement, and thus can be largely corected. Table 5.1 shows the phase deviations for each 
channel referenced to channel 1. 
5.3 Analysis of campaign 
Direction finding (DF) and angular and delay spread analysis are curently underway, as wel as investigations into the possible signal processing that could be performed upon the data to yield 
useful results. Future reports and/or papers wil detail this work. Preliminary DF plots are provided in Figure 5.4 and Figure 5.5. Figure 5.4 shows the MUSIC ([Sch86]) spatial spectrum as a function 
of baseband frequency before demodulation, while Figure 5.5 shows the DF MUSIC spectrum of the 




2 8 2.4 GHz ISM Channel Sounder M E A S U R E M E N T C A M P A I G N C H A P T E R 5 
C H 1 C H 2 C H 3 C H 4 C H 5 C H 6 C H 7 C H 8 
0 . 0 2 0 . 7 1 6 . 3 1 3 . 9 9 . 7 1 1 . 4 2 9 . 3 3 1 . 4 
0 . 0 2 0 . 8 1 5 . 5 1 4 . 0 1 0 . 1 1 1 . 9 2 9 . 8 3 1 . 9 
0 . 0 2 0 . 8 1 2 . 5 1 3 . 8 9 . 9 1 1 . 8 2 9 . 7 3 1 . 7 
0 . 0 2 0 . 7 1 5 . 4 1 3 . 8 9 . 7 1 1 . 7 2 9 . 3 3 1 . 4 
0 . 0 1 8 . 5 1 3 . 9 1 3 . 5 1 0 . 8 8 . 8 2 9 . 7 2 9 . 5 
0 . 0 1 8 . 5 1 2 . 5 1 3 . 5 1 0 . 8 8 . 7 2 9 . 5 2 9 . 3 
0 . 0 1 8 . 6 1 4 . 3 1 3 . 5 1 0 . 8 8 . 7 2 9 . 5 2 9 . 3 
0 . 0 1 8 . 6 1 1 . 9 1 3 . 6 1 0 . 8 8 . 7 2 9 . 6 2 9 . 4 
T A B L E 5 . 1 R E L A T I V E P H A S E D E V I A T I O N ( I N D E G R E E S ) F O R A 2 . 4 4 G H Z C A L I B R A T I O N T O N E , E I G H T I N S T A N C E S . 
T H E F I R S T F O U R W E R E T A K E N I M M E D I A T E L Y B E F O R E T H E F I E L D M E A S U R E M E N T S , T H E L A S T F O U R I M M E D I A T E L Y A F T E R . 
JQ P R O P A G A T I O N 
® - ® G R O U P L ? ^ ^ ^ ' ] A U G U S T 3 0 , 2 0 0 6 
S e c t i o n 5 . 3 . A n a l y s i s o f c a m p a i g n 2.4 GHz ISM Channel S o u n d e r 2 9 
3 0 2.4 GHz ISM Channel S o u n d e r M E A S U R E M E N T C A M P A I G N C H A P T E R 5 
S E C T I O N 5 . 3 . A N A L Y S I S O F C A M P A I G N 2.4 GHz ISM Channel S o u n d e r 3 1 
Sptti»&*«<)j«Ky stjeetwn using music 
m -60 -40 -20 0 20 40 60 60 
Direction id*g) 
F I G U R E 5 . 4 R A W D F S P E C T R U M . 
S^ iasa&ffequertcy spectrum using fratsie 
-80 -60 -40 -20 0 20 40 60 80 
Direction <<Seg> 
F I G U R E 5 . 5 D F S P E C T R U M AFTER D E S P R E A D I N G A N D D E M O D U L A T I O N . 
P R O P A G A T I O N 
G R O U P fe^SS^J A U G U S T 3 0 , 2 0 0 6 
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